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Electronic topological and structural transition in Auln , under pressure
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Electrical resistivity, thermoelectric power, and high-pressure x-ray-diffraction measurements are carried out
to investigate the anomaly observed earlier in fusion data around 3 GPa in the intermetallic compoynd Auln
While the imaging plate high-pressure angle-dispersive data indicate a structural phase transition beyond 8
GPa, the thermoelectric power shows a peak around 2 GPa, indicating the occurrence of an electronically
driven isostructural transition. The first-principles linearized muffin-tin orbital calculations reveal that this
transition is brought about by interception of the Fermi level by the energy-band maximum. The Lifshitz nature
of this transition is responsible for the anomaly in the high-pressure electrical and fusion data.
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[. INTRODUCTION pounds under compression are useful to give indications of
. o . _the high-pressure metallic phases of these oxides. Motivated
M.ost of the materials .that have fluorite, i.e., the caluumby these factors, we have initiated a program to study these
fluoride (Cafp) (or anti-Cak), structure (space group niermetallics for their high-pressure behavior. As a starting
Fm3m) are halides, oxides, or chalcogenides of univalent Okien we have carried out angle-dispersive x-ray-diffraction
tetravalent cations and show predominantly ionic bondmg(ADXRD)' electrical resistivity, and thermoelectric power
However, a few intermetallics also crystallize in this (TEP) measurements on Aurunder pressure. As the elec-
structure: In fact, gold forms intermetallic compounds of tronic structure is very sensitive to pressure, the electronic
stoichiometryAB,, with Al, Ga, and In(asB elementsin  pand structure in the Caftructure under compression was
the Cak; structure. These compounds are known to exhibitalso computed to substantiate the interpretations of experi-
low residual resistivities. The bright mauve color of Ay4Al mental findings, and to the best of our knowledge only non-
as opposed to the bluish shade of Auémd the neutral ap- relativistic, non-self-consistent, or parameter-based calcula-
pearance of AuGa is consistent with the observed differ- tions at ambient pressure eXigt the literature. The relevant
ences in their optical transitions and band structuitne  de Haas—van Alfen studies on AuAlAuGa, and Auln
other observed differences concern the anomalous Knighlso exist; and though these experiments conclusively iden-
shift of Ga in AuGa compared to the normal behaviour of tify many of the orbits in AuAj, only a few could be prop-
Al and In in the other two compoundisind the different erly identified in the other two systems.
thermoelectric behavior of AuG# Also, the measurements
of the electronic specific heaand Hall coefficierft do not
reveal any significant differences in these compounds. It is
thus necessary to have detailed knowledge of the band struc- The details of the manner in which the Aglsample was
ture for these compounds. prepared has been discussed by Stetral® For electrical

Storm, Wernick, and Jayaranfastudied the fusion be- resistivity and TEP measurements, initially pellets of the
havior of these compounds up to a pressure of 5 GPa. Thegamples of approximate sizexBX5 mn? were prepared
measurements show that the fusion curve of Au@ad and then pressed between tungsten carbid€) anvils to a
AuAl, decreases with pressure, while that of Autamains load of 5 tons. The well-compacted material was then
constant with almost zero slope to about 3 GPa and thetrimmed to 1.5-mm-long and 2.5-mm-wide pieces and used
acquires a positive slope with a further increase in pressuréor the high-pressure electrical and TEP measurements. An
Though this kind of behavior indicates the occurrence of eopposed Bridgeman anvil setfimonsisting of 12-mm-face-
pressure-induced phase change in solid Aulno phase diameter WC anvil pairs, two 0.15-mm-thick pyrophylite
boundary was detected below the melting temperature anglaskets, and talc pressure medium, wifttsitu Bi pressure
pressures up to 5 GPa. Thus the origin of this fusion anomalgalibration, was employed. Resistance was measured by the
is not clear and it is expected that high-pressure studies willour-probe technique. For TEP measurements, Chromel and
help to unravel the cause of it. Alumel thermocouple wires were employ@dA thin Mylar

As many oxides of geophysical interest occur in €aF sheet between the talc and electrical leads ensured clean
structure, phase transformation studies on intermetallic conelectrical contact with the sample.

II. EXPERIMENTAL DETAILS
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Zr-filtered x rays from a rotating anode generator with Mo
target and an imaging plate area dete®btwere employed 800
in the ADXRD measurements. The Aylpowder along with Au Inp
a ruby chip as pressure marker and with ethanol-methanol as
pressure medium was loaded in a Bassett-type diamond anvil
cell (DAC).*? The diffracted x rays from the sample were
recorded on a 2820 cm molecular dynamics imaging
plate'! (IP) placed behind the DAC. The recorded data on the
IP were read out in two dimensioi8D). The scanning step
(pixel size was 88um and the intensity digitized to 16 bits.
The readout data were displayed on a computer monitor for a
quick check of the data quality and for a preliminary analy-
sis. In order to transform the digitized image into a standard
one dimensionallD) powder pattern expressed in terms of
260, the sample-to-IP distance was accurately determined ) [ R 1 .
(7.62 cm from the diffraction pattern of gold at ambient 0 40 80 120
conditions. The diffraction profile was obtained by integrat- PRESSURE (GPa)
ing the intensity along the azimuthal direction at each radial £, 1. variation of resistance with pressure at room tempera-
step. This yielded precise determination of lattice constantgre in Auln,.
at different pressures.
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from the conduction electrons evaluated by the LMTO-ASA
method, along with the correction for intercellular Coulomb
interaction beyond the ASA:*®In order to compare it with

In order to confirm the experimental interpretations andthe EOS determined from the high-pressure ADXRD tech-
for further understanding of the behavior of AyBround the  nique, we included the thermal pressure at room temperature
3-GPa pressure region, we carried out the first-principlesind the pressure arising from zero-point vibrati6h. In
electronic structure calculations by the linearized muffin-tinFig. 3 we have compared the theoretically calculated EOS
orbita®® (LMTO) method in the Cafstructure for various with measured high-pressure d&feOur experimental data
compressions. To make the structure close packed, ongelded the isothermal bulk modulu&g) of 50 GPa using 4
empty sphergof radius equal to that of a Au atgnwas  as the value oK (the pressure derivative ¢f;). The com-
inserted at the center of the fcc primitive c@l5, 0.5, 0.3  puted EOS is much harder than the measured one. Discrep-
with the Au atom at the cornet®,0,0 and In atoms at0.25,  ancies of this nature are not unusual in first-principles elec-
0.25, 0.2% and(0.75, 0.75, 0.76 An In-to-Au radii ratio of  tronic structure calculations. The quantitative agreement can
1.08 was used. The atomic sphere approximaliéASA),  be improved’ by applying the generalized gradient
the local density approximatioh (LDA), and frozen core approximatioR?for exchange correlation terms and/or by us-
were employed in the LMTO method. With the introduction ing the full potential LMTO method. However, these im-
of empty spheres, the maximum overlap among the atomiprovements are not expected to change drastically the main
spheres was 24.8%. We also included the combined corregonclusions of the present work. TReV data of Fig. 3 do
tion terms® and the muffin-tin correctionS to the electro-  not reveal any discontinuity in volume around 3 GPa, and it
static Coulomb interaction in the total energy. The valenceontinues to remain smooth up to 8 GPa. For a more detailed
configurations for Au and In were taken as'6d'® and  analysis, we studied the universal EOS from theorefeal
5s?5p’, respectively. The, p, d, andf components of the estimates. The universal EOS, as given by Retsal, % is as
angular momentum expansion of the orbitals were retainedollows:
We calculated the total energies by considering the relativis-
tic spin-orbit effects through perturbation. The Slater In H=In[PX?*/3(1-X)]=In Ko+ 7(1-X),
exchang® reduced by a factor of 0.8 gave the minimum of

[ll. DETAILS OF CALCULATIONS

the total energy curve at the experimentally known volume [ Auln, 580
for the ambient pressure, and this exchange formula was 60 S
used at all compressions. Calculations were carried out for [ 4560
95 k points in the irreducible wedge of the Brillouin zone. <50; %
= L [
540 r 4540 g
IV. RESULTS AND DISCUSSION & ot <
i w
The electrical resistivity decreases with pressure, and the 301 1520~
slope of its variation changes rapidly near 2 GFa. 1.
The TEP also shows a deviation from a monotonous increase 2ol 1L 1 1 1 11 J500

00 1.0 20 30 40 50 60 70

in the 2—4 GPa pressure range with a peak near 2 (Giga PRESSURE (GPa)

2). These indicate the possibility of electronic or structural

changes in this pressure region. FIG. 2. Thermoelectric power as a function of pressure at room
To obtain the equation of stat€0S, we calculated the temperature in Aulp The fusion curve from Ref. 6 is also shown

pressur®’ at each volume from the contributions arising for comparison.



57 ELECTRONIC TOPOLOGICAL AND STRUCTURA.. .. 775
1.00 6.00
Auln, N Auln,
0.98 [~ . 5.00 °
0.96 |~ . B o
o 4.00 -
2 °’<? 4 . o0 )
~ 084 . . _ B
O 3.00 °
0.92 L 8
4 ® e o o 8
2.00 4 ] 1] $ s o
0.90 L I ' ! * . oo : » o
0.0 2.0 4.0 6.0 8.0 B Q
[ ] o0 LN ] (o]
PRESSURE (GPa (1Y SR
S ( ) 0 1 2 3 4 5 8 9 10

FIG. 3. VIV, vs pressure for Aul The solid line is from PRESSURE (GPa)

calculations, while the dashed line from ADXRD measurements.

FIG. 5. Variation of the measuratispacings with pressure. The

whereX=(V/Vy)Y3 P is the pressurey, the normal vol-

ume, andy is related toK, by 9 GPa.

n=3(K}{—1)/2.

In Fig. 4, we display the universal EQ8e, In H versus (1
—X)] which is seen to deviate from linearity in the 2—4 GPa
pressure range where the electronic transitions take plac
Thus the present observation based on universal EOS is co
sistent with the findings of Sikk#.

On increasing the pressure beyond 8 GPa, Autans-
forms to another phag€&ig. 5 which is stable up to 15 GPa.
On unloading, it back transforms to the Gaphase only
below 2 GPa. This structural transition results in an increas
in resistivity at the transitioisee Fig. 1 In Table | we give
the measured values at 9 GPa. As seen from the table, the'
high-pressure diffraction pattern can be indexed on a monq—
clinic cell (with space groupP2,/c with a=10.14A, b at
=419A, c=8.78A, and B=89°. This distorted
Co,Si-type structure is the post-cotunnite ptasehere the
coordination of Au with In is 10. More structural details will
be published separatef§.

Although the electrical transport properties like resistivity
and TEP and the computed universal EOS indicate the pos-

open circles denote the values for the high-pressugSiGahase at

sibility of some significant electronic changes occurring in
the 2—4 GPa range of pressure, the ADXRD measurements
rule out the possibility of a structural change up to 8 GPa.
hus the isostructural electronic structure change appears to
E'ga responsible for the observed anomaly in resistivity, TEP,
and fusion curve. The discrepancy between the anomalies in
the fusion curve and the TEP ddiee Fig. 2 can be attrib-
uted to temperature effects. It may be noted that in the fusion
curve measurements, no other phase boundary was detected
%elow the melting point up to 5 GPa. Thus the possibility
at the change of slope in the fusion curve, being caused by
he CgSi-Cak, phase boundary intersecting it, is ruled out.
A significant feature observed through the LMTO calcu-
ions is the crossing of the Fermi levét{) by an electron
energy-band maximum at about 2.2 GPa pressure. As shown
in Fig. 6, theX;s-T',,-L; energy band, which is occupied at
the ambient pressure, shifts upwards with respe&gand
becomes flatter around thiepoint. Thus the indications from

TABLE |. Observedd values compared with theé values cal-

culated using a monoclinic celspace grougP2,/c). The two sets

PRESSURE (GPa)

of hkl indices correspond to the two calculatéd/alues.

4 1.3 2.4 46 6.5 dcalculategUsSing a
7 I ' ! monoclinic cell
i Aulny | (a=10.14 A, b=4.19 A,
N dopserved c=8.78 A, B=89°) hkl
46 . 7 5.071 5.072 200
T B o i 4.399 4.390 002
£ °e 2.870 2.894 112
45 - * - 2.642 2.631 310
¢ 2.551 2.554 203
u . 2.277 2.270 312
L . | . | 2.177 2.179 40-2
“0 0.01 0.02 1.980 1.983 501
1-X 1.617 1.619, 1.615 01,320
1.395 1.393, 1.397 5%+4,030
FIG. 4. Universal equation of state for AylnThe pressure val- 1.289 1.289 70-3,232

ues of interest are also marked.
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T I I I that close to the ETT, the electron free energy had |2
i . . : term (where A=E-—Er,/), and causes anomalies in the

Er thermodynamic and kinetic properties. In our electrical resis-
tance data, this ETT results in a slower rate of decrease of
resistance with pressure in the 2—6 GPa range. Thus we at-
tribute the observed anomalies in electrical resistivity, TEP,
and the fusion data under pressure to the ETT. However, the
sharp decrease of the resistance below 2 GPa is unusual in
metals. It is not due to contact resistarisee Sec. )l Our
detailed calculations had shown that there is not much
change in the density of states Bt in this region of
pressuré® Thus the present studies do not enable a compre-

| | | L ! hensive understanding of this rapid change below 2 GPa, and

ENERGY (Ry)

X r L the study of the electron-phonon interaction with pressure
. , may be useful.
FIG. 6. Shift of the energy band maximum B, across the To conclude, the 3-GPa anomaly observed in melting data

Eﬁrrg“ level, from the occupied to unoccupied region, under PreSot Auln, is due to an isostructural transition with no observ-

able volume discontinuity. The theoretical band-structure re-
sults reveal that this transition is brought about by the cross-
the electronic-structure calculations are that the anomaly iing of the Fermi level by the energy-band maximum from

resistivity and TEP should be due to a Lifshitz singuldfity the occupied to the unoccupied level and is discernible in the
[also referred as an electronic topological transiti&TT)]  universal EOS by its deviation from linearity around that

when the extremum of an electron energy band passqsessure. This Lifshitz transition is also responsible for the
through Eg. This effect is enhanced in Aujrdue to the observed anomaly in the high-pressure resistivity and TEP
flatness of the band near tfiepoint. LifshitZ’ has shown data.
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